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Introduction {#sec004}
============

The possible increased risk of cancer--especially childhood leukaemia--related with extremely low frequency magnetic fields (ELF-MF) is cause of concern \[[@pone.0142259.ref001],[@pone.0142259.ref002]\]. Many epidemiological studies have been published, but a clear association between exposure to ELF-MF and cancer has not been unequivocally demonstrated \[[@pone.0142259.ref003]\]. Although IARC has classified this physical agent as "possibly carcinogenic to humans (group 2B)" \[[@pone.0142259.ref004]\], the over 1,000 mechanistic studies conducted so far have not yet revealed the possible biologic mechanism by which ELF-MF can cause any health effect \[[@pone.0142259.ref005]\].

Since DNA damage is considered to be the primary cause of cancer, many studies investigated the ability of ELF-MF to harm the genome. These comprise a large number of investigations, both *in vitro* and *in vivo*, but the results are still contradictory (as reviewed in \[[@pone.0142259.ref006]\]). Among genotoxicity assays, the micronucleus test is one of the most used, because of its simplicity, sensitivity and reliability. This test plays an important role due to its good predictivity for carcinogenic hazards \[[@pone.0142259.ref007]\]. So far, there are few reports on *in vivo* genotoxic effects of ELF-MF using micronucleus assays. Svedenstal and Johanson \[[@pone.0142259.ref008]\] detected no differences in micronucleated erythrocytes between adult mice exposed for 90 days to a 14 μT magnetic field and those unexposed; the same result was observed by Abramsson-Zetterberg and Grawé \[[@pone.0142259.ref009]\], using an equal field, both in adult and newborn mice. Conversely, positive results were found analyzing erythrocytes of newborn mice prenatally exposed to 650 μT \[[@pone.0142259.ref010], [@pone.0142259.ref011]\], adult rats exposed to 1 mT for 45 days \[[@pone.0142259.ref012]\], adult mice exposed to 5 μT for 40 days \[[@pone.0142259.ref013]\] and adult mice exposed to 200 μT for 7 days \[[@pone.0142259.ref014]\]. Since one of the major causes of concern regarding non-ionizing radiation is their possible association with childhood cancer, it would be meaningful to study ELF-MF effects during infancy. Moreover, studying the effects induced by ELF-MF in foetal and neonatal life stages may be useful to disclose their genotoxic properties, because infant cells \[[@pone.0142259.ref015]--[@pone.0142259.ref018]\] and even more fetal cells \[[@pone.0142259.ref019]\] showed a greater sensitivity to genotoxic insults than adult cells. To our knowledge, only two works investigated genotoxic effects of ELF-MF in rodents exposed *in utero*, giving opposite results \[[@pone.0142259.ref009],[@pone.0142259.ref010]\]. The importance to investigate *in utero* exposure for assessing potential carcinogenicity of ELF-MF has also been pointed out \[[@pone.0142259.ref020]\].

Moreover, foetal life is a critical step also in the development of male reproductive system. In rodents, primordial germ cells alternate between mitotic activity and quiescence and, differently from adults, also Sertoli cells proliferate actively \[[@pone.0142259.ref021]\]. There are some evidences that ELF-MF exposure might affect male reproductive system in the adult \[[@pone.0142259.ref022],[@pone.0142259.ref023]\], although other studies reported negative results \[[@pone.0142259.ref024]\]. Few studies exist on foetal exposure to ELF-MF of male reproductive system. Results of a multigeneration study in rats did not support the hypothesis of a reproductive or developmental toxic effect \[[@pone.0142259.ref025]\], and no alterations in the offspring spermatogenesis and fertility were observed in rats after *in utero* and neonatal exposure \[[@pone.0142259.ref026]\]. On the other hand, McGivern and coworkers \[[@pone.0142259.ref027]\] observed an increase of weight in epididymus, prostate and seminal vesicles in adult rats exposed *in utero*. An alteration of spermatogenic epithelium was also observed in adult rats after *in utero* exposure \[[@pone.0142259.ref028]\] and after *in utero*/neonatal exposure \[[@pone.0142259.ref029]\].

Although there is some evidence that ELF-MF may interfere with the DNA damage response elicited by IR *in vitro* \[[@pone.0142259.ref030]--[@pone.0142259.ref032]\], no study has been conducted *in vivo* on the possible genotoxic effects of a combined exposure to ELF-MF and X-rays.

Hence, in this work we aimed at studying the effects of low-level, chronic ELF-MF exposure in mouse during a very sensitive period such as the foetal and neonatal life and any possible modulation that ELF-MF exposure might exert on damage induced by IR. Furthermore, since it has long been demonstrated \[[@pone.0142259.ref033]\] that IR can produce delayed effects (*de novo* effects in the unirradiated descendants or neighbours of irradiated cells), but there are no data on the influence that combined exposures to multiple physical agents may have on delayed effects, we also investigated the outcomes of combined exposures on genomic instability.

Materials and Methods {#sec005}
=====================

Animals and exposure system {#sec006}
---------------------------

Pregnant CD-1 Swiss (outbred) mice (Charles River, Italy) were divided into four groups, comprising two dams each. One group was unexposed and served as control (C, 27 pups); another group (E, 20 pups) was exposed to ELF-MF from day 11.5 post conception (p.c.) until weaning, for a total of 30 days; another group (X, 25 pups) was X-irradiated \[1 Gy) on day 11.5 p.c.; the last group (XE, 31 pups) was X-irradiated (1 Gy) on day 11.5 p.c. and immediately exposed to ELF magnetic fields until weaning (30 days in total).

For this experiment, we employed a magnetic field of 65 μT. Since mice require a 12-26-fold greater MF exposure than that required by humans to induce similar current density within the body \[[@pone.0142259.ref034]\], the field we used is (in term of biological effects) comparable to a 2--5 μT MF for humans. These values are usually present in most households.

The 50 Hz, 65 μT magnetic field was generated by a solenoid working 24 h per day. The solenoid was 0.8 m in length and 0.13 m in radius, with 552 turns of 2.5 mm^2^ copper wire, wound in two layers in continuous forward-backward fashion around a cylinder of PVC. It was supplied by 50 Hz main power through a transformer. A voltage of 6.5 V (rms) was applied to obtain a flux density of 65 μT (rms) at the centre of the solenoid. The field was uniform between ±5% in the volume where the mice were exposed. The solenoid was not shielded for the electric field, as the induced electric field was negligible due to the low voltage used. Exposure to 1 Gy X-rays was performed in a Gilardoni apparatus (Gilardoni, Italy) at a dose rate of 0.5 Gy/min.

Animals were housed in polycarbonate cages put inside an operating solenoid (groups E and XE) or a switched off solenoid (groups C and X). The temperature and the relative humidity of the animal room were 22°C and 40%, respectively. Artificial lighting was from 8 am to 8 pm and commercial pellets and tap water were available ad libitum throughout the experimental period. The temperature inside the coils was the same as in the room.

Litter size was determined at birth. Pups were weighed at delivery and at day 11, 21, 42 and 140 after birth. Survival rate was assessed at weaning (day 21). Pups were daily monitored for appearance of physiological landmarks of development.

Forty-three male mice were sacrificed at 42 days after birth for the analyses on the reproductive system. The remaining animals were sacrificed at day 140 after birth. Sacrifice was performed by cervical dislocation in anesthetized animals.

The experiment was conducted according to Italian laws regulating the use and humane treatment of animals for scientific purposes (decree n. 116/1992). All experimental procedures were approved by the Animal Research Ethical Committee of the Italian Ministry of Health (approval ID: 10.10.15).

Micronucleus test on erythrocytes {#sec007}
---------------------------------

Blood smears were obtained puncturing the tail vein of the mice at birth and on day 11 (infancy), 21 (weaning), 42 (sexual maturity) and 140 (adulthood) after birth. The slides were fixed in absolute methanol and maintained at -20°C until staining. Smears were stained with acridine orange (Sigma-Aldrich, Italy, 20 μg/mL in pH 6.8 Sørensen buffer). The samples were coded and scored blindly by the same analyst. Micronuclei were scored at 1000× magnification using a Zeiss Axiophot (Zeiss, Germany) fluorescence microscope (494 nm excitation filter, 523 nm barrier filter). For each animal, 2,000 erythrocytes were analyzed \[[@pone.0142259.ref010]\].

Comet assay on epididymal sperm {#sec008}
-------------------------------

After sacrifice, both epididymal caudae were surgically removed, placed in a Petri dish containing TNE buffer (0.15 M NaCl, 0.01 M Tris-HCl, 0.001 M Na~2~EDTA, pH 7.4) and minced with curved scissors. Sperm suspensions were filtered through a 0.2 mm nylon mesh, centrifuged (5 min, 1800 g), resuspended in TNE buffer plus 10% glycerol, aliquoted, and frozen at -80°C. Alkaline (pH 12.1) and neutral (pH 8.0) protocols of Comet assay were performed to evaluate DNA damage in spermatozoa. The assay was performed essentially according to Cordelli et al. \[[@pone.0142259.ref035]\]. Briefly the slides were immersed in a lysing solution (2.5 M NaCl, 100 mM Na~2~EDTA, 10 mM Tris, pH 10.0) containing 10% DMSO (Carlo Erba, Italy) and 1% Triton X-100 (Sigma-Aldrich), overnight at 4°C. At the end of lysis slides were immersed for 30 minutes in 10 mM dithiothreitol (Sigma-Aldrich) in lysis solution to decondense the extremely compacted sperm chromatin and allow the migration of DNA. Slides were then placed in a horizontal gel electrophoresis tank where electrophoresis was performed under the following conditions: 10 minutes at 4°C in alkaline electrophoresis buffer (300 mM NaOH, 1 mM Na~2~EDTA; HCl was added to reach pH 12.1), followed by 7 minutes of 27 V (0.8 V/cm), 300 mA electrophoresis, at 4°C, for the alkaline assay; 20 minutes in TBE buffer (2 mM Na~2~EDTA, 90 mM Tris, 90 mM boric acid; pH 8.0) at 4°C, followed by 7 minutes of 27 V (0.8 V/cm), 10 mA electrophoresis, at 4°C, for the neutral assay. After electrophoresis, the slides were fixed for 5 minutes in Tris 0.4 M pH 7.5, and for 5 minutes in absolute ethanol and were air-dried at room temperature. Immediately before scoring, slides were stained with 12 μg/mL ethidium bromide (Sigma-Aldrich) and examined at 200× magnification with an Olympus fluorescence microscope. Slides were analyzed blindly with a computerized image analysis system (Delta Sistemi, Italy). To evaluate the amount of DNA damage, 100 cells were analysed from two different slides, and computer generated percentage of tail DNA values (tail intensity) were used.

Flow cytometric analysis of testicular cell subpopulations distribution {#sec009}
-----------------------------------------------------------------------

After removal of the tunica albuginea, the testes were minced with surgical scissors and treated with 0.1% pepsin solution (1.5 milliAnson units/mg; Serva, Germany) for 10 minutes at room temperature under magnetic stirring to maximise the release of germ cells from the seminiferous tubules. The cell suspension was fixed in 70% cold ethanol. Samples were then stored at -20°C prior to analysis. Fixed cells were treated with 0.5% pepsin solution for 10 minutes at room temperature under magnetic stirring and were stained with a solution containing 50 μg/ml propidium iodide (Sigma-Aldrich), and 40 μg/ml RNase (Sigma-Aldrich), in PBS. The propidium iodide-stained cells were analyzed in a FACSCalibur flow cytometer (Becton-Dickinson Immunocytometry, CA, USA). The fluorescent signals of propidium iodide-stained cells were recorded, and a cytogram of DNA content vs. cell count was used to identify cell populations on the basis of their DNA content. Typical DNA content fluorescence intensity distribution histograms from adult mouse testicular cells are characterized by distinct peaks comprising cells with different DNA content. The first region (1C) includes post-meiotic haploid spermatids. Diploid G1-phase spermatogonia, and secondary spermatocytes are recorded in the second peak (2C), together with terminally differentiated testis somatic cells. The third peak (4C) includes some G2/M spermatogonia but, mostly, primary spermatocytes. Actively DNA-synthesizing S-phase cells are located in the region between the second and the third peaks.

A total of 10,000 events were recorded for each histogram. The relative frequencies of testicular cell types were calculated using the Cell Quest software.

Statistical analysis {#sec010}
--------------------

Survival differences between the different groups were analysed through Mantel's procedure of log-rank test. Multiple linear regressions were performed to assess if weight and micronucleus frequencies were dependent upon sex, litter size and treatment. Since no differences (using the Student's t-test) were detected between the two litters of the same group, a mean value relative to all the pups treated in the same way was calculated and used for inter-groups comparison. Welch's t-test was used to compare the micronucleus frequencies of the different treatment groups. One-way ANOVA and Duncan's test was used for post-hoc comparison of male germ cell parameters and comet assay data among the different treatment groups. The level of significance was established at p\<0.05. All tests were performed using Statistica 10 (Statsoft., Inc., OK, USA).

Results {#sec011}
=======

Birth and development {#sec012}
---------------------

[Table 1](#pone.0142259.t001){ref-type="table"} shows litter size, weights at birth and at weaning, and survival at weaning of the four experimental groups. Neither magnetic fields nor X-rays seemed to affect litter size. Survival was not significantly different between the groups. Multiple regression analysis showed that the effects of sex and litter size on weight were greater than the effect of treatment.

10.1371/journal.pone.0142259.t001

![](pone.0142259.t001){#pone.0142259.t001g}

           Number of pups (two litters)   Sex ratio (M:F)   Weight at birth (means±SD)   Weight at weaning (means±SD)   Survival at weaning
  -------- ------------------------------ ----------------- ---------------------------- ------------------------------ ---------------------
  **C**    27                             0.93              1.52±0.09 g                  9.99±0.81 g                    88.9%
  **E**    20                             1.22              1.53±0.20 g                  9.20±1.48 g                    95%
  **X**    25                             1.50              1.22±0.10 g                  8.15±1.45 g                    92%
  **XE**   31                             0.82              1.34±0.10 g                  7.60±1.25 g                    80.6%

In agreement with literature data \[[@pone.0142259.ref036]\], appearance of physiological landmarks (pinna detachment, eye opening, fur development, and testes descent) was delayed in the X-rays treated compared to the control group (data not shown). No differences were recorded between groups C and E and between groups X and XE.

Micronucleus test on erythrocytes {#sec013}
---------------------------------

A multiple regression analysis showed that micronucleus frequencies were not significantly associated either with sex or litter size. No significant differences were detected between the mean micronucleus frequencies of the two litters of the same treatment group.

[Fig 1](#pone.0142259.g001){ref-type="fig"} shows the mean frequencies of micronucleated erythrocytes in blood sampled at different times in the four groups. At birth, the differences of micronucleus (MN) frequencies were statistically significant between groups C and X and between groups C and XE (*p*\<0.001, both). Similarly, at day 11, the differences of MN frequencies between groups C and X and between groups C and XE were also statistically significant (*p* = 0.002 and *p* = 0.0057, respectively). At day 21, the mean frequencies of MN in C, E, X, and XE groups did not differ significantly. At day 42, the mean frequencies of MN in E, X and XE were significantly different compared to C (respectively *p* = 0.008, *p* = 0.02 and *p*\<0.001). At day 140 the group XE showed a MN frequency statistically higher than that of the control group (*p* = 0.0048). Group X was also higher than C, but the differences was not signinficant due to a greater standard error (at that time the number of animals was greatly reduced). It should be also noted that in group X (as well as Group XE), the frequency of micronucleated erythrocytes were not different between day 42 and 140. The difference between groups X and XE was never statistically significant.

![Micronucleus frequencies in peripheral blood erythrocytes.\
The number of animals in each group is reported inside the histogram columns. Bars represent standard error. Significance compared to C: \* *p*\<0.05; \*\* *p*\<0.01; \*\*\* *p*\<0.001.](pone.0142259.g001){#pone.0142259.g001}

Effects on the male reproductive system {#sec014}
---------------------------------------

For the analyse~~s~~ of the effects on the male reproductive system, all the animals belonging to the 4 experimental groups were sacrificed 42 days after birth. The impact of the exposure(s) was evaluated by the capacity of the system to produce terminally differentiated germ cells and the level of damage in their DNA. Prenatal irradiation with a single X-rays dose at the time of early gonad differentiation induced a significant decrease of testis weight suggestive of a toxic effect ([Fig 2A](#pone.0142259.g002){ref-type="fig"}). ELF-MF exposure from 11.5 days post-conception to 21 days after birth induced a slight decrease of relative testis weight mainly due to a small increase of body weight. After combined exposure to ionizing radiation and ELF-MF, the level of testis weight reduction was comparable to that induced by X-rays exposure.

![(A) Relative testicular weights (testis weight/body weight \* 100); (B) percentages of 1C post meiotic cells as evaluated by DNA content flow cytometric analysis of whole testis cells; (C) sperm number in cauda epididymis.\
Columns represent the mean values of 7 controls (C), 11 ELF-MF exposed (E), 14 X-rays exposed (X), or 11 animals exposed to combined treatments (XE). Asterisks mark statistically different values between groups, \*: *p*\<0.05; \*\*: *p*\<0.005.](pone.0142259.g002){#pone.0142259.g002}

By flow cytometric analyses of testicular cells, the relative percentages of 1C, 2C, S-phase and 4C cells were calculated. A significant 28% reduction of postmeiotic 1C cells was observed after X-rays exposure, and a small but significant 13% reduction was detected also after ELF-MF exposure ([Fig 2B](#pone.0142259.g002){ref-type="fig"}). Surprisingly, after the combined exposure, the percentage of 1C cells was significantly higher than after the single treatments and equal to that of controls. The evidence of X-rays induced toxicity was magnified by the analysis of terminally differentiated cells in cauda epididymis where a 73% sperm count reduction was detected ([Fig 2C](#pone.0142259.g002){ref-type="fig"}). ELF-MF exposure did not induce a significant variation of sperm count with respect to controls. Consistently with the data on the relative percentages of testicular 1C cells, epididymal sperm count after combined exposure was significantly higher than after X-rays alone and not different from unexposed controls. Data on epididymis weight were consistent with those on sperm count (data not shown).

The effects of single and combined exposures to ELF-MF and X-rays were further evaluated by comet analysis in epididymal sperm. No effect of single treatment with ELF-MF or X-rays was shown under both neutral and alkaline conditions ([Fig 3A](#pone.0142259.g003){ref-type="fig"}). Also the combined exposure did not induce significant variation with respect to controls, but when the data were compared with those collected after X-rays alone, a statistically significant reduction of the mean tail intensity was detected. Under neutral conditions, an arbitrary tail intensity cut off point was established, above which sperm were considered clearly damaged. Consistently with the data on the mean tail intensity, the percentages of clearly damaged sperm were not significantly different from controls under any treatment conditions, but the percentage of clearly damaged sperm induced by the combined exposure was significantly less than that induced by X-rays alone ([Fig 3B](#pone.0142259.g003){ref-type="fig"}).

![Comet assay in epididymal sperm.\
(A) Mean tail intensity values obtained with alkaline and neutral comet assay. (B) Percentage of sperm carrying clearly damaged DNA (with tail intensity values higher than 10%) after neutral assay. Columns represent the mean values of 4 controls (C), 5 ELF-MF exposed (E), 8 X-rays exposed (X), or 6 animals exposed to combined treatments (XE).](pone.0142259.g003){#pone.0142259.g003}

Discussion {#sec015}
==========

The main aim of this study was to employ a sensitive model to detect the genotoxic properties of ELF-MF, since--after decades of studies--proofs are still contradictory. Hence, we investigated the genotoxic effects of ELF-MF *in vivo* on somatic and germ cells after exposure during prenatal and neonatal developmental stages, known to be sensitive to environmental stress. In addition, genetic changes arising during this period of life might represent a co-factor at the origin of childhood cancer \[[@pone.0142259.ref037], [@pone.0142259.ref038]\]. We also aimed at investigating *in vivo* a possible influence of ELF-MF on the cell response to ionizing radiation. Chronic exposure to ELF-MF from day 12 p.c. until weaning had no teratogenic effect and did not affect survival, growth and development. X-irradiation at day 12 p.c. resulted in stunted pups and retarded development, in agreement with literature data \[[@pone.0142259.ref036]\]. No synergistic effects of ELF-MF and X-rays exposure on these parameters were observed.

Beside these developmental endpoints, we studied the genotoxic effects on the erythroid and male germ lines, using techniques validated in the respective tissues.

The results of the micronucleus test in peripheral blood seem to indicate that exposure to ELF-MF induced a slight genotoxic insult that became detectable only during a restricted expression time window, after the maximum exposure time (one month, including both a prenatal and a neonatal period). This result is different, but not in contradiction with the result obtained by Abramsson-Zetterberg and Grawé \[[@pone.0142259.ref009]\], who carried on the exposure during pregnancy, stopped it at birth and sampled blood from the prenatally exposed mice at the age of 35 days, finding no increase in MN frequencies. In fact, the differences in the duration and developmental windows of exposure might explain the different results.

The observed weak genotoxic effect of ELF-MF, only observed 42 days after birth, could be due to a perturbation of the cellular defence capacity against endogenous sources of DNA lesions.For the effect to be detectable both the exposure and expression times would be critical: a continuous exposure from mid-gestation until weaning, followed by a "latency" period, with a further haematopoietic system development seemed to be necessary. After 4 months the system appeared to have recovered its homeostatic capacity. Specific experiments should be conducted to identify the molecular mechanisms leading to genotoxic damage. Disturbance of the oxidative balance might be a candidate because many authors suggested that this mechanism is implicated in ELF-MF-induced biological effects \[[@pone.0142259.ref039],[@pone.0142259.ref040]\].

Differently, exposure to X-rays seems to produce two distinct periods of detectable genotoxic effects. An elevated frequency of MN was observed at birth as a direct effect of X-irradiation. At the time when this happened (day 12 p.c.), the foetal liver was beginning erythropoiesis thanks to recently arrived hematopoietic stem cells \[[@pone.0142259.ref041]\] and micronucleated erythrocytes deriving from those progenitors/precursors were detected in circulating blood at birth. Consistently with the kinetics of prenatal erythropoiesis, the frequency of micronucleated erythrocytes observed in blood was one order of magnitude less than that detected in the foetal haematopoietic liver at the time of maximum expression (16--18 h) after a comparable radiation treatment \[[@pone.0142259.ref042]\]. As more time passed by, these micronucleated cells were further diluted in the bloodstream by erythrocytes formed from unirradiated precursors. In fact, MN frequency of the X group at day 11 is lower than at birth and reaches the control value at day 21. Beside this acute, early outcome, what it seems to be a delayed effect became detectable at day 42 and persisted until day 140. Finally, the data show that ELF-MF exposure did not modify the effect of X-rays at any tested time.

The effects on the male reproductive system were evaluated 42 days after birth when all germ cell sub-populations are present in the testis, the spermiogenesis has started and the first wave of spermatozoa is present in the epididymus. However, at this age the mouse germinal tissue is still in development as shown by a few comparative data: the testis weight was slightly lower than that of adults (0.11 vs 0.14 g respectively) and the number of spermatozoa was less than 15% of that found in adult mice.

Prenatal X-rays exposure at day 11.5 p.c. had an impact on testicular development as shown by the decrease of testis weight, of the relative frequency of post-meiotic cells (1C) and of the number of epididymal spermatozoa at 42 days after birth. These results are in agreement with the known radiosensitivity of germ and somatic cells in the foetal gonads \[[@pone.0142259.ref043]\].

ELF-MF exposure from 11.5 days post-conception to 21 days after birth induced a slight relative decrease of post-meiotic cells, which was not reflected in a decrease of spermatozoa. Studies on the effect of *in utero* exposure to ELF-MF on male reproductive system are few and results are controversial. A disorganization of spermatogenic epithelium was observed in adult rats as a result of oxidative stress induced by *in utero* exposure to ELF-MF, 3 mT, 4 h/day \[[@pone.0142259.ref028]\]. Testicular alteration was observed also in rats exposed from 13 days p.c. to 21 days after birth to ELF-MF 1 mT, 3 applications of 30 minutes per day \[[@pone.0142259.ref029]\]. An increase of weight in epididymus, prostate and seminal vesicles without differences in epididymal sperm count, was observed in adult rats exposed *in utero* to 15 Hz pulsed electromagnetic field from day 15 to day 20 of gestation \[[@pone.0142259.ref027]\]. On the other hand, *in utero* and neonatal exposure of rats to ELF-MF at field strengths up to 500 μT did not produce any alteration in the offspring spermatogenesis and fertility \[[@pone.0142259.ref026]\]. No reproductive or developmental toxic effects were shown in a multigeneration study in rats exposed 18.5 hours/day to ELF-MF at field strengths up to 1 mT \[[@pone.0142259.ref025]\].

To our knowledge, no studies have been conducted to assess the interaction of X-rays and ELF-MF pre-natal exposure in mammals. Pafkova and co-workers \[[@pone.0142259.ref044]\] reported that 10 mT of magnetic field modified the embryotoxic effect of ionizing radiation on chick embryos. Our results suggest that the continuous ELF-MF exposure from 11.5 day p.c., immediately after X-rays irradiation, to 21 days after birth, modulate the toxic effect of ionizing radiation as shown by the higher percentage of post-meiotic testicular cells and number of epididymal sperm in XE with respect to X experimental group. Our experimental protocol did not aim at studying the possible early mechanisms at the basis of this effect, but several hypotheses can be drawn: ELF-MF could influence DNA damage response stimulating DNA repair or inhibiting apoptosis; in addition, an impact of ELF-MF could be envisaged on proliferation of cells surviving the X-rays exposure, which could also influence the onset of puberty.

In our study we also aimed at assessing possible delayed effects on DNA of terminally differentiated spermatozoa. The induction of delayed effects in male germ cells has been supported by the observation of DNA damage in spermatozoa deriving from X-rays exposed adult spermatogonia \[[@pone.0142259.ref035],[@pone.0142259.ref045]--[@pone.0142259.ref047]\]. In the present study a small, not significant increase of DNA damage was observed after *in utero* exposure to 1 Gy X-rays. It should be noted that the level of DNA damage in spermatozoa of untreated 42 days old mice was higher and more heterogeneous than in adult mice (laboratory historical data not shown). This result is in agreement with the characteristics of sperm populations produced by the first wave of spermatogenesis, which, in comparison with adult sperm show abnormalities in sperm head morphology and abnormal chromatin structure \[[@pone.0142259.ref048]\]. No effects were detected after continuous exposure to 50 Hz, 65 μT ELF-MF. Surprisingly, an evident reduction of DNA damage, homogeneous in all animals of the group, was observed when X-rays were followed by ELF-MF exposure. This effect, together with the observed increase of sperm number, suggests that ELF-MF is able to modulate male germ cell response to X-rays. This finding could be due to an influence of ELF-MF on early DNA damage response leading to a reduction of X-rays cell killing. Moreover, ELF-MF could influence post-natal germ cell proliferation/differentiation pathways, possibly anticipating the starting of spermatogenesis at puberty; this would result in a dilution of the first wave of naturally occurring abnormal spermatozoa with unaltered sperm deriving from a second wave of spermatogenesis. Although such an influence of ELF-MF on experimentally altered spermatogenesis has never been studied, the interaction of ELF-MF with damaged specific biological systems can modulate the proliferation/differentiation process such as the promotion of healing of bone fractures \[[@pone.0142259.ref004],[@pone.0142259.ref049]\].

The intensity of the magnetic field we used was quite high; nonetheless, it is in the order of magnitude of some domestic exposure, for example in the case of holding a laptop computer on the womb. In the germinal tissue, we were able to detect a biological effect of ELF-MF particularly as modulation of the cell response to the toxic insult induced by a single X-rays dose. This result confirms the importance to investigate the effects of combined exposure to ELF-MF and other stressors because the modulation of a stress response may be as critical for the cell fate as the stress itself. Our data supported the hypothesis that the plasticity of developing tissues make them vulnerable to external stressors. Moreover, if ELF-MF may indeed interfere with proliferation/differentiation processes during early phases of life, it is important to investigate different tissues/organs because each one has its own specific differentiation pattern in a specific time window of development. This in turn points to the need of a deeper comprehension of the molecular mechanisms underlying ELF-MF biological effects.
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